Abstract-River surface currents have been measured using coherent microwave systems from a bridge, a cableway, several riverbanks, a helicopter, and an airplane. In most cases, the microwave measurements have been compared with conventional measurements of near-surface currents and found to be accurate to within about 10 cm/s. In all cases, the basis for the microwave measurement of surface current is the Doppler shift induced in the signal backscattered from the rough water surface. In this paper, we outline the principles of the measurements and the various implementations that have been used to make microwave measurements of surface currents. Continuous-wave (CW) microwave systems have been used from a bridge to make long-term measurements of surface currents; these are compared with current-meter measurements and with time series of stage. A compact CW system has been developed and used on a cableway to measure surface currents at various distances across a river; these measurements have been compared with acoustic ones. Pulsed Doppler radars have been used to measure river surface currents from a riverbank, a helicopter, and an airplane. In the first two cases, comparisons with both current-meter and acoustic measurements have been made. We suggest that the CW system would be preferable to the pulsed Doppler radar to make such measurements from helicopters in the future. Finally, we consider the implications of our experiments for the measurement of surface currents from aircraft or satellites using interferometric synthetic aperture radars (INSARs). We find that a combination along-track, cross-track INSAR is necessary but that significant limitations are inherent in the technique.
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I. INTRODUCTION
R OUTINE measurements of river surface heights (stage), velocity, and volume discharge have been conducted by the U.S. Geological Survey (USGS) in essentially the same manner for the last 100 years. The technique consists of constructing gauging stations along rivers to monitor the stage of the river and periodically calibrating these data to yield the discharge. The calibrations consist of in situ measurements of river velocity and depth, which, when measured at intervals across the river, completely determine its discharge (volume of water per unit time). Velocities and depths are measured by USGS personnel either by using a bridge, wading the river, using a small boat, or operating from a cableway across the river. Construction of cableways capable of carrying people and installing gauging stations are significant expenses, as is the manpower-intensive periodic measurement of the discharge. Recently, innovations have been introduced in which velocities and depths are measured by acoustic means or by tracking drifters using the global positioning system (GPS). All of these techniques require that instruments be placed in the water. This subjects the instruments to fouling, which adds considerable maintenance expense to the other expenses of the method. Furthermore, handling instruments in the water can be hazardous in high flow conditions. Debris floating down the river can damage instruments and endanger the people making the measurements. The standard means of measuring currents and depths from cableways, for instance, is for the operator to suspend a current meter from a cablecar over the water using a cable with a heavy weight on the end. The purpose of the weight is to locate the bottom and maintain the cable in a vertical position against the force of the flow. Lowering such a weight can be a dangerous operation during high flows.
For these reasons a means of measuring river discharge remotely would be highly desirable, and, in fact, a promising means of doing so has recently been reported [4] . This technique consists of using coherent microwave radars to measure surface currents and lower frequency, ground-penetrating radars (GPRs) to measure the depth. The Japanese have also used radar to measure surface currents [25] , and the USGS and the Japanese have previously used GPR to measure river depth [21] , [10] . Very recently ultrahigh frequency (UHF) signals have been used to measure surface currents [22] . The purpose of the present paper is to describe coherent microwave techniques for surface current measurement, to demonstrate their accuracy when used from bridges, cableways, riverbanks, and helicopters, and to discuss the possibility of measuring river surface currents from space using microwave interferometric synthetic aperture radar (INSAR).
II. PRINCIPLES OF SURFACE CURRENT MEASUREMENT USING COHERENT MICROWAVES
The physical phenomenon used to measure surface currents with microwaves is the Doppler shift, whereby moving objects change the frequency of a signal scattered from them. In order to detect the complete spectrum of Doppler shifts, the transmitted signal must be coherent, i.e., it must have a time series with no phase discontinuities. River surface currents were measured in our experiments using the Doppler shift induced in microwave signals backscattered from river surfaces due to advection of the scatterers by the current. When microwaves are incident on rough water surfaces at incidence angles that are not too large or small, they are scattered back to the antenna by 0196-2892/$20.00 © 2005 IEEE short surface waves a few centimeters in length. This process is known as composite surface scattering in which Bragg-resonant scattering from short surface waves occurs independently from small facets on the water surface that are tilted and advected by larger scale motions [1] , [12] , [16] , [24] . Lengths of those short waves that cause backscatter are well characterized by the Bragg resonance condition (1) where is the wavelength of the resonant water wave (the Bragg wave), is the microwave length, and is the incidence angle. For an X-band radar, cm so is about 1.5-2 cm. Due to diffraction effects, typical microwave antennas have beamwidths on the order of a few degrees. Thus areas on the water surface illuminated by such antennas are decimeters to meters in size in each dimension. This illumination pattern ensures that only Bragg waves traveling toward or away from the antenna in the plane of incidence are effective scatterers. Short waves traveling in other directions are averaged out of the scattering process by the illuminated area. The scattering process can be described in many conditions as a two-dimensional Fourier transformation of the surface wave spectrum in which only those particular components with wavenumbers along the horizontal antenna look direction that satisfy the Bragg resonance condition contribute to the scattering [16] . In still water, surface waves propagate at a well-known characteristic phase speed, , which has its minimum value of 23 cm/s near cm. When a current of horizontal velocity is present in the water, these waves are advected by the current so that their speed relative to the riverbank is . Thus the Doppler shifts produced by the two possible scatterers are (2) where is the line-of-sight velocity, i.e., the component of scatterer velocity along the antenna look direction. Also, is a unit vector in the direction of transmission and is the component of along the horizontal antenna look direction. Removing the frequency of the transmitted signal from the received signal and taking the spectrum yields a Doppler spectrum of the received signal. The two well-defined Doppler shifts given by (2) are displayed as sharp peaks, commonly called "Bragg lines," in the Doppler spectrum and are said to come from "advancing" (positive Doppler shifts) or "receding" (negative Doppler shifts) Bragg waves. Fig. 1(a) shows simulated Doppler spectra displaying these two possible Bragg lines for no current (solid lines) and with a current present (dashed lines).
The situation becomes more complex when variations in the mean current are taken into account. These variations may be produced either by turbulence of the flow or by surface waves longer than the Bragg wavelength. The effect of these current variations is to advect the Bragg waves at a variety of speeds, thus broadening the spectrum of Doppler shifts around the two frequencies given in (2) . Long surface waves also tilt the Bragg waves slightly, varying the local incidence angle and producing additional broadening. In cases where this broadening is not too severe, two broadened Bragg lines can still be detected in the spectrum of the backscattered signal (see Fig. 1(b) and [12] ). Severe broadening causes the Bragg lines to overlap to such an extent that the existence of advancing and receding waves cannot be detected [ Fig. 1(c)] .
A further complication is the source of the Bragg waves. Such short waves may be naturally produced directly by the wind, indirectly by longer waves, by the turbulence of the water, or by rainfall [3] , [17] , [18] . When produced by wind, the short waves have their maximum intensity in the direction of the wind and decrease in intensity symmetrically about the wind direction as the azimuth angle to the wind increases, becoming very weak, but not nonexistent, when traveling against the wind. Much the same intensity variations are present when the Bragg waves are produced by longer waves. Rain falling on a water surface produces a variety of splash products but the ones primarily affecting microwave backscatter in most cases are the ring waves produced by the drops [2] , [3] . These are symmetric so that no azimuthal intensity variation is present in short waves produced by rainfall. When the short waves are produced by turbulence, the azimuth angle dependence of their intensity has not been well established to date.
Because composite surface theory shows that the intensity of a Bragg line is proportional to the intensity of the surface wave producing it, the azimuth angle variations in Bragg wave intensity result in differing strengths (spectral densities) of the two Bragg lines. This must be taken into account when deriving a mean surface current from a measured Doppler spectrum. Fig. 1(d) illustrates the case when the Bragg lines are broadened and have different spectral densities. An extreme situation of the type illustrated in Fig. 1(d) is when the weaker Bragg line disappears into the noise baseline of the spectrum. This may be the case when the waves are generated by the wind and the antenna is directed with or against the wind. The difference between this case and that of two equal-intensity but very broadened Bragg lines [ Fig. 1(c) ] may be difficult to discern.
For all possible types of Doppler spectra, (2) shows that the frequency midway between those of the two Bragg lines must be determined in order to measure the surface velocity of the river. The variety of possible spectra makes this difficult in general unless care is taken in choosing this frequency. Errors in choosing the proper frequency can result in errors in the measured current up to , which is at least cm s. We have developed algorithms to choose this frequency correctly given the complete Doppler spectrum and use the same algorithms in the most systems to be described in Sections IV-VI.
Even if this midpoint frequency is chosen correctly, another possible source of error in these measurements occurs due to the drift current caused at the surface by the wind. The effective depth at which the velocity is measured in a microwave measurement is approximately 0.044 [11] . For cm, this depth is about 0.75 mm. At this depth, the wind drift layer has not completely decayed. The magnitude of the wind drift at the surface is well known from measurements, however, to be about 2% of the wind speed measured 10 m above the surface and in the wind direction. For a 10-m/s wind speed, this is 20 cm/s. Assuming a logarithmic decay to the effective depth of the microwave measurement following [11] , the wind drift at the effective measurement depth is about 11 cm/s. This amount of error is incurred in the measurement of surface velocity, of course, only if the wind blows exactly along the direction in which the antenna is pointing. For other directions, the error will be less. As the results in Sections IV-VI show, this small error due to the wind drift is not a problem for the measurements in general. If one desired, the wind vector could be measured along with the microwave measurements and a correction could be made for the wind drift. This has not been done in the results reported below.
Under low wind and flow conditions, sufficient surface roughness may not be present to produce backscatter above system noise levels. Thus under such conditions, the techniques presented in this paper may not yield a measurement. This will vary from one system to another depending on the noise level. In any case, such conditions are not difficult to measure by traditional mean. The microwave techniques presented here are expected to work well at moderate to high flows and may prove especially valuable during floods.
III. SUMMARY OF MEASUREMENTS
In Sections IV-VI, we report the results of a series of studies on measuring river surface currents with both pulsed and continuous-wave (CW) coherent microwave systems from bridges, cableways, riverbanks, helicopters, airplanes, and satellites. For reference, Table I summarizes the various methods examined, the instruments used, their frequencies and spatial resolutions, and whether they are measurements at a single small area (point), a horizontal profile, or a map of the river. The final column of the table assesses the viability of the various techniques based on the results of these studies. In the table, Riverscat is a CW microwave system, RiverRad is a pulsed Doppler radar, CORAR is an airborne real aperture coherent radar, and ATI SAR is an along-track interferometric synthetic aperture radar.
IV. MEASUREMENTS FROM THE GROUND

A. CW Measurements From a Bridge
The simplest way to implement a microwave technique for measuring river surface currents is to use a homodyne transiever that can be purchased very cheaply. We attached eight such transievers operating at 24 GHz to a like number of vertically polarized 1-ft diameter parabolic antennas, amplified the received signals, and fed them to a data acquisition system. This system digitized each of the eight analog signals at a 1-kHz rate, computed a Doppler spectrum every half second, and stored the results in files for subsequent processing. Spectra were analyzed by fitting the noise level to an inverse frequency function, dividing the received signal by this noise level, and applying an algorithm to determine the frequency midway between the Bragg lines. The surface velocity in the direction of the horizontal look of the antenna was then determined from the equation (3) Since these are homodyne systems, Doppler spectra are wrapped, i.e., are only given at positive frequencies irrespective of the direction of travel of the scatterers. Thus the sign of cannot be determined from these measurements; one must know the flow direction.
These eight microwave velocity sensors were mounted on the Cowlitz River bridge at Castle Rock, WA, the site of USGS gauge 14243000, in September 2002. They were spaced at intervals of approximately 10 m. Each antenna was mounted under the bridge at a height of about 10 m, depending on river stage, and at an incidence angle of 45 . Six of the eight antennas were pointed directly upstream while the other two were directed at (Fig. 4) . The two Bragg peaks are conspicuous during rainfall but not so obvious under clear conditions. The figures show the locations of picked by our algorithms and give the measured surface velocities at the top of each panel. Antenna locations are also given at the top of each panel in terms of distance from the left side of the bridge. Comparisons of the surface velocities determined from these eight microwave sensors with those measured by the USGS using an AA current meter measuring as close to the surface as possible (about 18 cm below the mean surface) are shown in Fig. 5 . The left side of the bridge is defined as the side on the left when facing downstream. Additional comparisons are given in [14] .
Velocities from these microwave sensors have now been collected every 30 min for several months. During low flow conditions, generally at surface velocities below about 1 m/s, these sensors do not yield a measurement unless the wind speed is [14] give more details of the correlation between surface velocity and stage and the causes of this correlation.
B. CW Measurements From a Cableway
Following these measurements from the bridge, we miniaturized these 24-GHz CW microwave sensors to make it possible to use them from a cableway. A data collection and analysis system was developed around a PC-104 486 computer module using the Linux operating system. This module also contained a compact flash disc and an analog-to-digital (A/D) card. The data acquisition and data analysis functions of the bridge-mounted systems were combined as part of the computing module so that surface velocities could be displayed on a liquid crystal screen in real time. These velocities and the intermediate Doppler spectra were stored on the compact flash for subsequent use. The computer module was designed so that up to four antenna units could be attached. The resulting computer module/antenna system was called RiverScat and is shown in Fig. 7 . The two tubes protruding from the side of the antenna are pitot tubes that allow the component of the wind along the horizontal antenna-look direction to be determined. This is necessary in the algorithm that finds when trying to separate the cases shown in Fig. 1(c) and (d) .
In order to make complete discharge measurements from a light cableway, RiverScat with a single antenna was mounted on top of the antenna of a GPR owned by the USGS. This arrangement is shown in Fig. 8 as configured on the Cowlitz River near Castle Rock, WA. The package was sufficiently light that it could be towed across the river by an electric motor on the bank. No personnel were required to be on the cableway as in the standard USGS operating procedure.
The RiverScat units have now been operated from the light cableway over the Cowlitz River near Castle Rock, WA many times since October 2003. Fig. 9 gives an example of the type of data obtained from the system. Two to four traverses across the river, taking a total of less than 30 min, have been averaged together to produce the displayed plots. Also shown on the plots are near-surface velocities measured by a floating acoustic system called BoogieDopp.
C. Pulsed Doppler Radar Operated From a Riverbank
During the past few years, we have made measurements of river surface currents from several riverbanks using two different, but very similar, pulsed Doppler radars. The radars were coherent, X-band radars designed and constructed at the Appliled Physics Laboraotry, University of Washington (APL/UW).
The first, which we call CORAR for Coherent Real Aperture Radar, operated at 9.36 GHz. It was built during a previous project dealing with ocean measurements that was funded by the Office of Naval Research [15] and adapted to river measurements. The primary adaptations involved the antennas where we replaced the slotted-waveguide antennas that operated at both horizontal (HH) and vertical (VV) polarization (electric field horizontal or vertical on both transmit and receive) with one or two parabolic antennas 60 cm in diameter operating only at VV polarization. The radar transmitted 50-nsec pulses with a 40-kHz pulse repetition frequency. Peak transmitted power was approximately 100 W, which had proven sufficient over the ocean to detect backscatter under all but the lowest wind speeds.
CORAR is a hetrodyne system that uses an intermediate frequency of 160 MHz. Output of the radar consisted of inphase and quadrature signals proportional to the received field that had been beat down to baseband.
These signals were each sampled at 20 MHz by an A/D board and processed by a data acquisition system, also designed and constructed at APL/UW. The data acquisition system first summed 32 pulses coherently to increase the signal-to-noise ratio (SNR) and then computed the mean power received from each resolution cell, which was 7.5 m long in the range direction. Pulse compression was not used. The system further computed Doppler spectra at each of 100 range bins. Because of the coherent averaging, each range bin could be sampled at a maximum rate of 1250 Hz. The system was designed, however, to allow averaging of a variable number of pulses while maintaining a constant sample rate. This was accomplished by inserting a delay between the averaged pulses so that the sample rate always stayed at 1000 Hz. Thus the Nyquist frequency of CORAR was 500 Hz, and the maximum line-of-sight velocity that could be accomodated by the antenna without producing an aliased spectrum was 8 m/s.
From the Doppler spectra, Doppler offsets and bandwidths, computed as the first and second moments of the spectrum, were obtained by the data acquisition system. Received power, Doppler offsets, and Doppler bandwidths were then stored on hard disk for each of the 100 range bins. In addition, a complete spectrum from a single, selected bin was stored along with the other information. This complete procedure-sampling, processing, and storing-took a total of approximately 360 msec and was considered to be one scan; alternate scans came from alternate antennas if two were used. Fig. 10 shows CORAR being operated from the bank of the Skagit River near Mount Vernon, WA in 1999. Due to the narrow beamwidth of the parabolic antenna used in this experiment, it was necessary to collect data at three different, small grazing angles in order to cover the whole river. Results of these measurements have been reported by Costa et al. [4] .
The second radar used in these studies was a modification of CORAR, which we called RiverRad. The transmitted frequency was shifted slightly to 10 GHz. The transmitted pulse length was made variable in factors of two from 3.75 to 30 m. The transmitted power was reduced to 10 W, and the maximum number of pulses that could be coherently averaged was increased to 60. The pulse repetition frequency was 39.0625 kHz, and the sample rate was allowed to vary with the number of pulses averaged coherently. Thus, the sample rate when returns from pulses were averaged coherently was 39 062.5/N Hz. Doppler spectra were stored at every range bin, thus increasing the time between scans. In order to aleviate the necessity for varying the grazing angle of the antenna, the vertical beamwidth of the 60-cm parabolic antenna used with RiverRad was broadened by modifying the antenna. Switching between two different antennas, which was automatic in CORAR unless manually disabled, became an operator choice in RiverRad. When the transmitted signal was automatically switched between two antennas, one pointing slightly upstream and one pointing slightly downstream, the radar could collect data without operator intervention. The radar was also repackaged to be easier to operate in remote locations. Fig. 11 shows RiverRad in operation with two antennas on the In order to obtain the largest component of the current toward the radar antenna when operating from the riverbank, we initially tried to look up or down river at angles to the perpendicular that were as large as possible. While this procedure works, it is hard to implement in practice since it is often difficult to find locations where trees permit open lines of sight nearly along the river. Furthermore, currents can vary significantly along the river, making such measurements difficult to compare with the standard procedures where measurements are made along the perpendicular. Eddies in rivers can create local areas of significant cross river flow which is also measured by the radar but not by current meters. To avoid as many of these complications as possible, we developed a technique similar to that used in laser Doppler velocimetry. We directed the antenna of the bank-mounted radar first upstream at a small angle to the cross-stream direction then downstream at a small angle, or used two antennas for the same purpose.
Before going farther, it is convenient to establish some conventions to be used in the remainder of the paper. Let the surface current vector be written in terms of its components along and across the river, and , respectively. As shown in Fig. 12 , the positive direction of is taken to be toward the left bank. Then, we measure the pointing direction of an antenna clockwise from the positive direction as shown in the figure. Thus, (2) written in this coordinate system is (4) where velocities toward the antenna produce positive Doppler shifts and those away from the antenna produce negative shifts.
Using these conventions, then, and assuming that the current is the same at the two slightly different measurement locations, the central Doppler shifts (ideally, the midpoint between Bragg lines) obtained with the antennas pointing slightly upstream and downstream may be written
Multiplying appropriately by sines and cosines and subtracting (6) from (5), it is easy to find and
For runs using CORAR, and where taken to be the first moments of the Doppler spectrum (9) So they will include effects of if the intensities of the advancing and receding Bragg waves are not equal. For runs using RiverRad, more accurate algorithms were used to choose the midpoint frequency between the Bragg lines independent of their intensity ratios.
Since 1998, we have made measurements with pulsed Doppler radars operating from the banks of the Green, Skagit, and Cowlitz Rivers in western Washington state and the San Joaquin River in California. The measurements on the Green and Skagit Rivers used CORAR; those on the Skagit River have been reported elsewhere [4] . Measurements on the Cowlitz and San Joaquin Rivers were made using RiverRad. Comparisons of the latter measurements with in situ measurements of surface velocity made nearly simultaneously by the USGS are shown in Fig. 13 .
V. MEASUREMENTS FROM THE AIR
A. Measurements From a Helicopter
In 2000 and 2001, we conducted a series of experiments with CORAR mounted on a Bell 206B Jet Ranger helicopter. CORAR was modified slightly from the configuration employed on the riverbank to use separate antennas on transmit and receive so that signals from shorter range could be received without interference from ringing of the transmitted pulse. A set of transmit/receive antennas, vertically polarized slotted waveguide antennas 45 cm long, were mounted on each side of the helicopter. Alternate scans came from alternate sides of the helicopter. The helicopter was flown as perpendicular to the river flow as possible. The outfitted helicopter is shown in Fig. 14 in flight over the Cowlitz River. The helicopter carried a GPR owned by the USGS as well as CORAR so that complete discharge measurements could be obtained. Results have been reported by Melcher et al. [9] . The helicopter was equiped with a differential GPS receiver for accurately determining its location. This GPS was not able to give helicopter attitude so an Attitude and Heading Reference System (AHRS) was mounted in the tail. The AHRS gave heading from a compass and pitch and roll from gyros. The downwash from the helicopter caused a very strong signal to be returned from the surface to the microwave antennas. Data were collected at altitudes ranging from 1.5-12.2 m. We checked how far away from the helicopter the radar could receive a return and found that it had decreased into the noise at a range of 43 m when we flew at 1.5 and at 70 m at an altitude of 12.2 m. However, long before this point, the low SNR had caused the Doppler shift to be too low [13] . This occurred at all altitudes by the seventh range bin, or about 50-m range. We chose to use our fourth range bin for the measurements. Due to a slight delay in the one channel, this yielded the range of 24.4 m on one side of the helicopter and 30 m on the other. Results reported here were obtained at an altitude of 7.6 m, so our incidence angles to the interrogated spots on the river surface were 72 and 75 .
Velocities for each channel were computed by first locating the footprint on the water surface then using (2) and (4). The yaw of the helicopter varied across the river and was measured by the compass in the AHRS. Because of this yaw and nonperpendicular flight across the river, the antenna footprints on either side of the helicopter were located at different distances across the river. Thus, one side had to be shifted in order to match the location on the other side. Because the helicopter downdraft is roughly symmetrical in azimuth and always directed outward from the helicopter, the direction of in (2) was known to be radially outward, and therefore, always away from the microwave antennas. Thus (4) yields (10) where is the helicopter speed, is the angle between the ground track from the GPS and the direction, and is the yaw of the helicopter, i.e., the heading from the AHRS minus the track given by the GPS. The top sign refers to measurements from the antennas on the left side of the helicopter, the lower sign to the right side. Subtracting the Doppler shift obtained looking right from that obtained looking left , neglecting the small cross stream term, and solving for yields (11) Note that the phase speed of the Bragg scatterers does not appear in this result since it affects and in the same manner. On the other hand, this equation clearly shows the importance of accurately knowing both the yaw of the helicopter and its flight direction relative to the direction. The impact of yaw can be reduced by reducing the helicopter speed. Thus for surface velocity measurements, it is desirable to traverse the river as slowly as possible. Helicopter speeds in our experiments were approximately 1 m/s. We found that the headings measured by the AHRS were too large by about 8 . Fig. 15 compares surface velocities across the Cowlitz River obtained from in situ ADCP and AA current meters with those obtained from the microwave measurements for various incremental reductions of the yaw given by the AHRS. The 8 increment clearly yields the best match to the in situ data. While these measurements using CORAR clearly demonstrated the ability of the radar to measure surface velocities from a helicopter it is undoubtedly not the optimum microwave instrument to use for this purpose. CORAR is bulky-the electronics occupied one whole passenger seat-and difficult to install in the helicopter. RiverScat would be much easier to install and operate on a helicopter and its performance on the cableway indicates that it could make the measurements. We have designed RiverScat with inputs for GPS and AHRS signals so, in principle, it could be mounted in the helicopter and flown unattended across the river to obtain the measurements. We intend to try this during our next helicopter measurements.
B. Pulsed Doppler Radar on a Light Aircraft
Figs. 16 and 17 show CORAR mounted on the DeHavilland Beaver aircraft that we leased from Kenmore Air Seaplanes of Seattle, WA. Fig. 16 shows the radar transmitter/receiver and the data acquisition system in place in the passenger cabin of the plane. Fig. 17 shows the radar antennas mounted on the starboard float of the airplane. Once again the antennas have been modified. Now, each vertically polarized slotted-waveguide antenna was used for both transmission and reception. The antennas were mounted with 60 incidence angles, and one was directed forward of the perpendicular to the plane axis by 8.1 , the other aft at 5.9 . Each antenna had a 25 full, one-way, half-power beamwidth in the vertical and 1.8 beamwidth in the horizontal. Fore and aft antennas were alternated between scans so that every other scan came from either the fore or aft antenna. A run consisted of a total of 1000 scans collected in 6 min. The first six scans were used for calibration, while the next five were used to define the system noise level. Thus, 989 scans of useable data were collected on each run, and by plotting these as functions of time and ground range, images (intensity maps) could be produced. If the plane flew without yaw, our 500-Hz sample rate allowed it to fly at 56.7 m/s without aliasing the spectra. In practice, however, the plane did yaw, so a method was established during data processing to unwrap the aliased spectra. Data were collected from flights along the Nooksack, Skagit, Sauk, Stillaguamish, Nisqually, Cowlitz, and Chehalis Rivers in western Washington state.
Yaw was obtained from the heading produced by the same AHRS that we used on the helicopter. We mounted it inside the plane just behind the rear passenger seat. We again found that the heading from the AHRS was biased and had to be corrected using the output of our Doppler radar. The location and velocity of our flights were obtained from a differential GPS system whose satellite antenna we mounted on the roof of the aircraft and whose beacon antenna was mounted below the fusilage. We found that differential lock could be obtained except when we flew well up into the mountains.
Data processing subsequent to the flights was done in Matlab. Recorded housekeeping variables were plotted to make certain that the data had been collected in conditions acceptable for processing. The flight track, altitude, ground speed, pitch, roll, and heading as a function of time were examined. Regions with large pitch or roll were omitted from further processing. The recorded Doppler offsets were adjusted for folding of the spectrum at times when Doppler spectra were aliased. The adjusted offsets where then corrected for SNR by multiplying them by SNR SNR as described in detail in [13] . This procedure is only important for low SNR; we omitted data where SNR . The noise level of our system corresponded to a normalized radar cross section of the surface of less than dB over nearly all of our illuminated surface pattern.
When corrected, measured Doppler offsets were available, and they could be used to correct the yaw of the aircraft. First, we needed to know the incidence angle as a function of range. This is not straightforward to determine when the elevation of the ground varies across the swath measured by the radar footprint. We determined it to first order by using (2) with , where is the plane speed. This is (12) where " " is " " for the fore antenna and " " for the aft, is horizontal look-direction of antenna " " minus the perpendicular to the plane, is aircraft yaw, and is the microwave length. Substituting the measured Doppler offsets and from the fore and aft antennas for and approximating by , we obtain (13) Note that the yaw drops out in this approximation. In our farthest range bins, was always near 0.975. Thus, could be determined from the far range bins, and then as a function of range ( and depend on range) could be determined. One further calculation had to be made before yaws could be corrected. Antenna azimuth angles had to be adjusted for the effects of aircraft pitch . The corrected azimuth angles for the antennas are given by (14) These corrected azimuth angles were then substituted for in (12) to compute the expected Doppler shifts . The average computed values for the 70 farthest range bins were compared with the corresponding measured values and the yaw was iteratively adjusted until the measured and computed values of agreed within a small tolerance. The results are corrected yaw values that are more accurate than those measured by the compass. We found that the corrected yaw usually differed from the measured one by less than about 15 .
Given the corrected values of yaw, along with the azimuth angles of the antennas, the plane velocity, and the incidence angles, it was possible to shift the data from the aft antenna to obtain for each range bin the value of that was measured at the spot closest to that at which was measured. The necessary procedure turned out to be quite complex. It was basically to use the flight geometry to shift the data from the aft antenna by different amounts for different range bins such that the surface spot closest to the measurement location of the fore antenna was obtained. Because of the uncertainties in the recorded flight parameters, however, this calculation did not always produce the optimum choice. It was eventually found that the chosen shift of the aft antenna data could be adjusted slightly by minimizing the difference in SNR between the fore and aft antennas. This adjustment gave results that clearly indicated that both antennas were viewing the same spot.
Using these collocated values of fore and aft Doppler shifts, improved values of and could be obtained as before but using the following more exact equation: (15) where indicates shifted data from the aft antenna. Ground speeds obtained from the result of this equation in far range bins agreed very well with those measured by the GPS.
This then allowed the computation of a current component in the direction of each antenna at every resolution cell in a river. First the Doppler shifts produced by river surface currents had to be obtained from the total Doppler shifts by subtracting the Doppler shift that a stationary scatterer would have in the aircraft frame of reference. This was accomplished by using the SNR to determine where the river was located. The top panel of Fig. 18 shows an image of the Skagit River produced by CORAR; the river is very obvious due to its very low SNR. The black vertical stripes are times when the aircraft pitch or roll was too large. Doppler shifts coming from resolution cells with high SNR were fit by interpolation, interpolating also across regions where the SNR was low, usually streamflow features. Subtraction of this interpolated Doppler shift from the measured ones then provided a Doppler shift due to scatterer motion at each resolution cell. From these, the line-of-sight velocities could be computed for each antenna from the following equation: (16) where, as usual, is either or .
Our initial hope was that the complete current vector could be computed from these two measured components as we had done from riverbanks (see Section IV-C). The angle between the two components was so small and the uncertainty of and so large, however, that the error in this calculation was unacceptable. Therefore, a method was developed where the course of the river was determined from the intensity image by hand. The two measured current components could then be averaged, yielding , and the angle between the mean horizontal look-direction of the antennas and axis could be determined. Then was given by (4) (17) Clearly, if is too small, this procedure will produce large errors in . For these aircraft measurements, was computed from the first moment of the Doppler spectrum, which is severely broadened by plane motion. Thus we have no way of determining the effects of the Bragg wave phase speed so we ignored " " in the above equation. The above processing procedures were applied to the data collected during flights. Figs. 18 and 19 show results obtained from Run 169, a flight along the Skagit River on October 1, 1999. The images in Fig. 18 clearly show that river surface velocities could only be determined infrequently, three times over the whole 18 km reach displayed. Fig. 19 is a plot of the cross-river profile of current obtained from the section of reach near 5 km. Clearly the current could be measured only part way across the river. This was typical of other results we obtained from these flights. We were not able to compare any currents measured by the airborne CORAR with in situ measurements.
VI. INSAR MEASUREMENTS OF RIVER SURFACE CURRENTS
We consider now whether river surface currents could also be measured from a satellite using microwave techniques. The most obvious candidate for making such measurements is interferometric synthetic aperture radar (INSAR) because of its high- resolution, day-and-night, all-weather, imaging capabilities. We begin by briefly outlining the synthetic aperture radar (SAR) principle and then discussing INSAR. These considerations reveal several limitations on the use of INSAR for measuring river surface currents either from aircraft or from satellites.
A. Basics of SAR
Microwave signals are normally transmitted by a highly directional antenna whose beamwidth in radians is approximately given by (18) where is the antenna diameter. Imaging radars are usually flown either in airplanes or spacecraft with the antenna pointed perpendicular to the direction of flight as shown in Fig. 20 . Image resolution is determined by different radar properties perpendicular and parallel to the flight track. Resolution in the range direction is determined by the width of the transmitted pulse. As the pulse sweeps across the surface, the power received by the antenna varies according to the scattering properties of the surface area within the pulse. In this way, an image of the surface in the range, or cross track, direction is produced. The second dimension of the image, the azimuth, or along track, dimension, is produced by the motion of the plane or satellite. Thus in Fig. 20 successively different strips in the direction are imaged as the plane moves along the axis. For a radar like CORAR that uses the antenna beamwidth to produce resolution in this dimension, we clearly have (19) As the range increases, the resolution of the image in the direction increases and the image loses detail in this dimension. This is why real aperture radars (RARs) cannot resolve objects smaller than a kilometer or so from space. To obtain better resolution would require a prohibitively large antenna. SAR techniques were developed to overcome this problem. SARs must be coherent so that they can determine the Doppler shifts induced in the backscattered signal due to the relative motion of the plane and the surface [7] . Given this ability, SAR uses the fact that the Doppler shift produced by any point on the surface as it travels through the antenna beam (due to the plane's motion) is easy to describe if the point is stationary on the surface. Equation (2) for the Doppler frequency shift produced by relative motion of the antenna and target is (20) A point on the surface at the tip of the vector in Fig. 20 appears to be moving in the direction with a velocity to observers in the plane. Its line-of-sight component along is, to a good approximation, (21) Therefore the Doppler shift is (22) When , the target is directly perpendicular to the plane so we have located its azimuthal position. Now we must determine the accuracy of this location, i.e., the azimuthal resolution of the image.
The Doppler shift is determined from the spectrum of the received signal. But a given point on the surface will only stay in the antenna beam for a finite time . Thus cannot be determined more accurately than . The azimuthal resolution can then be determined from (22) by letting and vary slightly (23) Noting that we have (24) But to a good approximation which, by (18) , is . Substituting this into (22) yields (25) For stationary scenes, the SAR technique produces azimuthal resolutions that are half the diameter of the antenna, much smaller than those that can be produced by RARs with the same size antenna [see (19) ]. Furthermore the SAR azimuthal resolution does not depend on range so the technique is applicable at the very large heights of satellite-borne instruments.
The SAR technique has a problem, though, if the target on the surface is moving. In this case, the Doppler shift produced by the relative motion of the plane and the moving target is given by (see Fig. 20 ) (26) where is the component of scatterer velocity in the direction. Now when (27) The , or azimuthal, position of a moving target is displaced in a SAR image by an amount proportional to its line-of-sight velocity. This phenomenon is very observable: trains moving perpendicular to the flight direction appear to be displaced from their tracks in SAR images.
The situation is even more complex if the velocity of the target is not constant [8] . We can relate to the velocity variation of the target using (27). In turn, can be related to the width of the Doppler spectrum measured from a stationary platform using (26) with (28) We define the coherence time of the surface to be and the resolution of the moving scene to be . Using these definitions along with (27) and (28), we get (29) Since the resolutions and are related to standard deviations of the independent random variables and , the total azimuthal resolution of a SAR image is given by
This shows that is the best resolution that can be obtained for a scene that is in random motion.
Widths of rivers can be obtained directly from SAR images. The accuracy of the determination of width will be limited by the range and azimuthal resolutions of the system and . The resolution of the moving water surface does not usually play a role in this determination since backscatter from the river is generally much smaller than that from the banks so that the stationary scatterers dominate the signal from any cell containing both land and water returns.
B. INSAR
In standard SAR processing, the fields received by the antenna from each resolution cell are multiplied by their complex conjugates to yield the power received from each cell. The field image is called the "phase image" while its magnitude squared is the standard SAR image. It is possible, however, to add a second antenna to the SAR being flown and to multiply the phase image from one by the complex conjugate of the phase image of the other, registered to observe precisely the same scene. This is called interferometric SAR and yields information about the relative phases of the signals received by the two antennas [5] , [6] , [26] . (Here we assume transmission and reception occur at both antennas. It is possible to use one antenna only as a receiver but the situation is slightly more complex.) The antennas may be separated in any one of the three spatial dimensions. Here we consider separation in the and dimensions shown in Fig. 20 . The modified situation is depicted in Fig. 21 .
In this figure, we indicate that the surface is not necessarily at but rather at . Clearly, at an earlier time , the tip of will have coincided with the present location of the tip of . Note that in this time interval, a target moving horizontally away from the antenna at speed will move a distance . Since the time history of the pulse sweeping across the surface yields only the magnitude of the range, it cannot distinguish from if . If the surface is flat, then , and is known from measurements of range and altitude. In this case, it is simplest to let and use an along-track INSAR. In the more general case where the surface elevation varies, is no longer equal to , and we must use to determine . Consider a measurement of at the bank of the river (call it ). Since the bank is not moving, directly yields at the bank (call it ). Then from (33) (34) Assuming that at the riverbank is nearly the same as it is on the river (35) where is the range to the river bank. Thus
is known at all points on the river, i.e., at all ranges that are within the river. Therefore, can be determined as a function of distance across the river (37) where and depend on . Knowing and the direction of river flow from the image, one can compute in the same manner as in our CORAR measurements.
C. Limitations and Uncertainties of the Technique
Several limitations must be imposed on various parameters to implement the technique successfully. Furthermore, some limitations are imposed on other parameters by the technique itself. These limitations either restrict system parameters or cause uncertainties to exist in the measurements. A more detailed discussion of some of these limitations than has been given here may be found in [19] and [20] . 
1) Time Must be Short:
The signal must not change form significantly during the time between measurements by the front and rear antennas. This means that we must have (38) The targets that INSAR sees on the water surface are the short waves traveling toward and away from the antenna that satisfy the Bragg scattering condition. The Bragg wave is known in the absence of wind to travel at a speed given by (39) where cm s is gravitational acceleration, cm s is surface tension divided by water density, and is the Bragg wavenumber. Measurements (see Figs. 3 and 4) show that (40) Thus we require that (41) Fig. 22(a) shows this limitation on as a function of radar wavelength assuming that ; the corresponding limitation on the antenna separation is obtained by multiplying by the velocity of the platform.
2) Target Must Not Move Out of the Resolution Cell in Time :
If the target travels too fast, it will leave the resolution cell in the time between observations of the cell by the two antennas. Since the system only senses the target velocity in the range direction, this limitation is (42)
To obtain the minimum azimuthal resolution, should be chosen to be as large as possible. Substituting the maximum value of from (41) into this, we find that we must require that
The maximum value of is plotted in Fig. 22(b) for m. Note that we can increase this maximum either operating at higher microwave frequencies or at larger range resolutions.
3) Minimum Azimuthal Resolution Exists for Rivers: As pointed out above, the minimum azimuthal resolution that can be obtained when imaging the flowing river is given by (29). From aircraft, typical values of are around 50 s while from space they are closer to 120 s. Using these values of in (29) and setting equal to the maximum value of from (41) yields the plots shown in Fig. 22(c) for the minimum azimuthal resolution over the water as a function of microwave length for . The solid lines are for the higher space-based ratio. The minimum in this plot near a radar wavelength of 2 cm suggests Ku-band, not far from our X-band system, as an operating frequency for the INSAR. As our airborne results show, a river should be imaged when flying nearly perpendicular to it so that the maximum along track phase shift will be produced by the current. In this situation, is the limit of how closely spaced independent measurements of can be made. Stated differently, the true river current as a function of position across the river will be smoothed by a filter of width .
4) Moving Scatterers Will be Shifted Out of the River:
Recall that (27) says that a target having a component of velocity in the range direction will be displaced from its true along-track position in a SAR image. This means that targets sufficiently close to a riverbank can be shifted to a position on the bank if their velocity is large enough. When this happens, the SAR will generally no longer see a phase shift due to velocity at this bank location because the signal from the bank itself will overwhelm the signal displaced from the river. This means that velocity profiles across the river will be distorted from their true appearance by the SAR imaging process. Fig. 22(d) shows this effect for a flight directly across a river flowing with m s at the center and being imaged with . The figure shows the true current profile as a dashed line, that produced with s as a solid line, and that produced with s as a dotted line. Obviously, the problem will be greater for spaceborne application than for airborne flights. In principal, much of this distortion can be removed because is measured so the apparent target along-track position can be corrected. A gap in the profile will always exist near the bank where the scatterers are being shifted out of the river, however, since will be lost here due to the large signal from the bank.
5) Measured Velocity Will be a Weighted Mean Near the Surface:
The basic outline of the INSAR technique presented here could not show that the measured velocity is really a weighted mean velocity near the water surface. In fact, this velocity is obtained from the centroid of the Doppler spectrum, as it is in our airborne measurements, and several factors can cause this not to be an accurate indication of the surface velocity [23] . One factor is modulation of the Bragg waves by longer waves. This can be important on the ocean where much longer waves usually exist. On rivers, however, we do not expect this normally to be a problem. A larger source of concern is that the Doppler spectrum is always made up of a combination of the spectra of Bragg waves traveling toward and way from the antenna and their relative amplitudes are not well known. As discussed in Section II, this can cause uncertainties in the measured surface velocity of up to . At Ku-band, this is about cm s. As with our airborne CORAR measurements, it is difficult to see how algorithms such as we used for measurements from stationary platforms can be implemented in the INSAR technique. These require Doppler spectra at a single location without broadening due to plane motion. INSAR, like CORAR, does not normally produce such Doppler spectra.
6) Riverbanks Are Not at the Water Level: Riverbanks slope upward from the level of the water in the river. Thus our assumption that the height of the river is the same as that of the water level is not strictly correct. If the height of the bank is known, this can be easily handled by adding the difference to the right side of (35). Generally this will not be possible. Therefore an error of size will exist in our determination of . This is very small for aircraft operation and entirely negligible for operation from space.
VII. CONCLUSION
This study has investigated the microwave measurement of river surface velocities from ground, air, and space. These techniques and their possible usefulness have been summarized in Table I . We draw the following conclusions from the results of this study.
1) Measurements of river surface velocity from bridges, cableways, and riverbanks have been shown to be accurate to within about 10 cm/s when compared with in situ measurements. These offer the possibility of long-term, noncontact, automatic measurement of river flow to supplement standard river stage measurements. Simple, inexpensive, CW, homodyne systems can only measure the surface velocity at one point in the river and under low-flow, low-wind conditions may not receive sufficient signal to be able to measure surface velocity. More expensive hetrodyne systems such as RiverRad do not suffer this problem as severely, although even they cannot measure surface velocity when the surface is perfectly flat. 2) For airborne or spaceborne measurements, river surface currents must have an appreciable component in the antenna look direction in order to be detectable above normal uncertainties in measured Doppler offsets. This contrasts with the situation for ground-based measurements where currents flowing as much as 75 from the antenna look direction are easily detectable. The best way we have found to ensure a very strong signal in airborne settings is to operate from a helicopter whose downwash generates surface roughness. 3) Under natural conditions, detectable power levels are not usually backscattered from river surfaces and when they are, are not usually present across the entire width of a river. This statement applies specifically to our CORAR measurements where the limit of detection was a normalized radar cross section of dB. This problem made it impossible to obtain discharges from our airborne measurements and will probably limit the ability of INSAR either from air or space on many rivers. 4) The change of incidence angle that results from changes in land elevation near rivers and from the downhill flow of rivers can be determined from the observed Doppler shifts produced by the land surrounding rivers. For INSAR this will require an antenna offset in the cross-track direction as well as the one in the along-track direction necessary for current detection. 5) Resolution across the river will be reduced for INSAR operation relative to its resolution on land due to motion effects. Subresolution velocity variations, which are always present on water surfaces, will reduce the coherence time of the backscatter relative to those for fixed targets. This increases SAR's azimuthal resolution, which will usually have a large component in the cross-river direction in river current measurements. 6) Currents along one side of a river will not be measured by INSAR due to motion effects in the imaging. This will be a more severe problem from space than from aircraft due to the larger ratios that usually apply in space. In both cases, it will be a more severe problem for narrow rivers where the loss of information could exceed 50%. In many cases, though, this problem may be no more severe than that encountered with acoustic techniques, which typically cannot measure near the riverbanks.
